Inhibition of Nitric Oxide Synthase Impairs a Distinct Form of Long-Term Memory in the Honeybee, Apis mellifera Uli Mü ller
Drosophila (Regulski and Tully, 1995) . Interestingly, the antennal lobes, the lateral protocerebral neuropil, and Institut fü r Neurobiologie der Freien Universitä t Berlin Kö nigin-Luise-Strasse 28-30 the mushroom bodies, all potential sites of associative olfactory learning in the honeybee (Hammer and Menzel, D-14195 Berlin Federal Republic of Germany 1995) , are also prominent areas of NOS expression . It was shown that the NO system within the antennal lobes is involved in chemosensory information processing in vivo (Mü ller and Hildebrandt, 1995) , Summary as Breer and Shepherd (1993) previously suggested for olfaction in general. However, learning studies in DroNitric oxide has been shown to be implicated in neural sophila and the honeybee (Heisenberg, 1989 ; Davis, plasticity that underlies processes of learning and 1993; DeZazzo and Tully, 1995; Hammer and Menzel, memory. In the honeybee, studies on the role of nitric 1995) have not provided any information up to now as oxide in associative olfactory learning reveal its speto whether NO is part of the biochemical machinery cific function in memory formation. Inhibition of nitric implicated in learning and memory. oxide synthase during olfactory conditioning impairs
In the honeybee, the proboscis extension response a distinct long-term memory that is formed as a conse-(PER) can be conditioned by pairing an odor stimulus quence of multiple learning trials. Acquisition or rewith a sucrose reward (Menzel, 1985 (Menzel, , 1990 . The number trieval of memory or memory formation induced by a of conditioning trials applied to the honeybee induces single learning trial is not affected by blocking of nitric different memories, which exhibit different properties oxide synthase. This finding provides a first step to-(reviewed in Hammer and Menzel, 1995) . While a single ward dissection of molecular mechanisms involved in trial conditioning leads to a medium-term memory memory formation, in general, and the special function (MTM) that lasts for hours, multiple trial conditioning of nitric oxide synthase, in particular.
induces a long-term memory (LTM) that lasts for days. In contrast to the single trial-induced MTM, the LTM is Introduction insensitive to amnestic treatments applied immediately after conditioning (Menzel et al., 1974; Erber et al., 1980) . In the nervous system, nitric oxide (NO) acts as a signal-
The results presented in this paper show that blocking ing molecule with functions very much like those of a NOS activity during associative learning impairs memory neurotransmitter (Dawson and Snyder, 1994 ; Garthwaite formation induced by multiple trial conditioning but does and Boulton, 1995) . In addition to its various functions not interfere with memory formation after a single trial in the development and regeneration of the nervous conditioning. These findings are consistent with the idea system (Dawson and Snyder, 1994; Schuman and Madi- that the modulatory action of NO differs, depending on son, 1994a), NO has been implicated in vertebrate learnparameters of the applied stimuli and/or the synaptic ing Hö lscher and Rose, 1992;  activity of the neural circuits (Haley et al., 1993; Zhuo Bö hme et al., 1993) and in mechanisms of long-term et al., 1993) . Moreover, the results suggest that distinct potentiation (LTP) (Schuman and Madison, 1991 ; Haley molecular mechanisms acting in parallel may be impliet al., 1992; O'Dell et al., 1994) and long-term depression cated in the induction of different forms of memories. (LTD) of synaptic connections (Bredt and Snyder, 1989; Shibuki and Okada, 1991; Zhuo et al., 1993) . The exact mechanisms by which NO functions in these in vitro Results models of synaptic plasticity, as well as the implication of NO in LTP in vivo and its relationship to behavioral Localization of NOS in the Brain of the Honeybee plasticity, is controversial and under investigation (Bannerman et al., 1994a (Bannerman et al., , 1994b . Various findings, however, Previous studies showed that insect NOS has properties similar to those of the corresponding vertebrate enzyme. suggest that NO may modulate or synchronize synaptic connections within local defined areas of a neuronal
We showed that the reduced nicotinamide adenine dinucleotide phosphate (NADPH) diaphorase histochemical circuitry (Meffert et al., 1994; Schuman and Madison, 1994b) . Thus, the modulatory action of NO may depend method allows localization of cells and neuropils in insects that contain NOS, as in vertebrates (Mü ller, 1994, on complex spatial and temporal features of distinct release and target sites. This was supported by findings Mü ller and Bicker, 1994) . The majority of NOS activity (>95%) is localized in insect brain. NOS activity occurs on LTP, where NO appears to produce distinct effects depending on the activity of the target site and other, in neurons and glial cells, and there is as yet no indication of nonneuronal NOS activity. In the honeybee, the as yet unknown, parameters (Gribkoff and Lum-Ragan, 1992; Chetkovich et al., 1993; Haley et al., 1993 ; Zhuo predominant amount of NOS activity is detected in neuropils known to participate in the processing of olfactory et al., 1994) .
Recently, NO has been identified as a signaling moleinformation, while the visual neuropils exhibit by far the lowest NOS activity ( Figure 1A ). The antennal lobes, cule in the brain of Locusta, Drosophila, and Apis (Elphick et al., 1993 (Elphick et al., , 1995 ; Mü ller and Bicker, primary centers of olfactory processing, exhibit the highest NOS activity in the brain and consequently the 1994), and a NO synthase (NOS) gene was cloned in exhibit no staining ( Figure 1B ). In addition to the mushroom body calyces, the ␣ and ␤ lobes and the peduncle also exhibit a clearly compartmentalized staining pattern. Since the somata of the Kenyon cells, intrinsic neurons of the mushroom body, are not stained, the labeling in the neuropils of the mushroom bodies ( Figure  1A , arrows) may derive from targeting the NOS to the axonal processes of Kenyon cell subsets and/or from NOS in mushroom body extrinsic neurons. Different properties of the latter may also account for the characteristic staining of the mushroom body peduncle ( Figure  1A , arrows). Neuropils of the central brain, as the central body with its fan-shaped pattern ( Figure 1A) , exhibit intermediate labeling.
Inhibition of Brain NOS
Effects of the injected drugs on NOS activity were revealed using a hemoglobin assay (Feelisch and Noack, 1987; . Since the hemoglobin assay is able to detect NO and other substances (CO, etc.), the assays reveal at least two signals. The first signal can be inhibited by adding NOS inhibitors to the assay mixture. The second signal, which cannot be inhibited by addition of NOS inhibitors, presumably includes enzymes other than NOS. Total NOS activity is defined as that part of the signal which is sensitive to NOS inhibitors added to the assay mixture. This total NOS activity can be divided into a major Ca 2ϩ -dependent NOS activity ‫)%09ف(‬ and a minor Ca 2ϩ -independent NOS activity ‫,)%01ف(‬ sug- at an approximate concentration of 1 M NOS inhibitor, Dorsal is at the top. Bar, 100 m.
calculated from the injected volume and the approximate body weight of 120 mg. Injections of phosphatebuffered saline (PBS) or the inactive isomer N-nitro-Dstrongest NADPH diaphorase labeling . The lip of the mushroom body calyces and the lateral arginine methyl ester (D-NAME) as controls have no effect on NOS activity. NOS inhibition is transient with protocerebral lobe, which receive input from the antennal lobes via a median and a lateral pathway, show a maximal effect around 20 min after injection of the competitive inhibitor NOArg ( Figure 2B ). Injection of strong labeling. Both of the latter connecting pathways were left untreated as a control measure. The ability of odor to as a control measure. At 30 min after injection, a single stimulus of elicit the PER was tested by applying a single odor stimulus to the sucrose solution of the indicated concentration was applied to the antenna. To test for interference with sensitization, an odor stimulus antenna to test ability of sucrose to elicit the PER. Drug treatment was presented 30 s after a sensitizing stimulus (sucrose to one has no effect on response probabilities to the US (number of animals antenna). Drug treatment has no effect on response probabilities to is shown in parentheses).
odor (number of animals is shown in parentheses).
L-NAME at the same concentration leads to a similar on reflex behavior or on nonassociative components of transient NOS inhibition (data not shown).
appetitive and olfactory responses in the bee.
NOS Inhibition Does Not Affect NOS Inhibition Does Not Affect Nonassociative Components Acquisition and Retrieval

Inhibition of NOS during classical conditioning of an of Olfactory Conditioning
Nonassociative processes, such as motivational factors, olfactory stimulus does not affect the acquisition of conditioned PER. Compared with PBS-injected or untreated satiation, and stimulus-induced arousal (sensitization), interfere with associative olfactory learning (Menzel, controls, animals treated with different NOS inhibitors show similar acquisition functions and reach a high level 1990; Menzel et al., 1991) . Therefore, the effects of NOS inhibition on experimentally accessible nonassociative of conditioned responses within three conditioning trials (Table 3 ). In another set of experiments, the role of NO processes were tested first. Application of appetitive stimuli to the antennae of honeybees elicits extension in the retrieval of associative olfactory memory was tested by blocking NOS activity during retrieval. Reof the proboscis (PER). The latter is a reliable indicator for parameters affecting the processing of the unconditrieval tested at different times after three conditioning trials in the presence or absence of NOS inhibitors exhibtioned stimulus (US) (Hammer et al., 1994) . NOS inhibition has no effect on the responsiveness of the animals its no difference on conditioned PER (Table 4 ). The same holds true for single trial conditioning (data not shown). to the US alone (Table 1) or to the conditioned stimulus (CS) alone (Table 2) . Moreover, a sensitization paradigm was used. Sucrose, as the US, arouses animals, which NOS Inhibition during Conditioning Impairs Formation of LTM leads to an increase in responsiveness to odor stimuli for a short period (<3 min) after US stimulation. Again,
In the honeybee, a single trial conditioning leads to a MTM, while multiple trial conditioning induces a LTM NOS inhibition has no effect on the processing of olfactory responses in the sensitization paradigm (Table 2) .
that lasts for days (Hammer and Menzel, 1995) . Interestingly, blocking of NOS during conditioning shows disAlthough satiation affects responsiveness to sucrose and odor stimuli (Menzel et al., 1991; Hammer et al., tinct effects on the conditioned PER tested at 24 hr, depending on the number of conditioning trials applied 1994), animals at the same level of satiation behave similarly, independently of the presence or the absence to the animal. While NOS inhibition during a single trial conditioning has no effect on conditioned PER (Figure of NOS inhibitors (data not shown). Thus, all these behavioral tests reveal that NOS inhibition has no effect 3A), blocking of NOS during three trial conditioning leads to a strong reduction of the conditioned PER when conditioning. As expected from the results reported above, extinction in animals that received three conditested 24 hr after conditioning ( Figure 3B ). This indicates that the formation of a particular form of memory is tioning trials in the absence of NOS inhibitors differs significantly from extinction in those receiving three conimpaired by NOS inhibition during multiple trial acquisition.
ditioning trials in the presence of NOS inhibitors ( Figure  5B ). The latter group, however, does not differ from Memory formation after single and multiple trial conditioning differs with respect to its susceptibility to amnesanimals of the single trial-conditioned groups ( Figure  5A ). tic treatments such as cooling, anesthesia, and electric shocks. Only after a single conditioning trial is the conditioned PER (tested 30 min after conditioning) signifiDose-Dependent Effects and Time Course of NOS Inhibition on LTM cantly affected by amnestic treatments shortly after conditioning (Menzel et al., 1974; Erber et al., 1980) . Thus,
The effects of the NOS inhibitors on conditioned PER at 24 hr depends on the concentration injected (Figure multiple conditioning trials not only induce a LTM but also speed up the transfer into an amnesia-resistant 6A). While a concentration of 50 M NOArg or L-NAME (30%-50% NOS inhibition; see Figure 2A ) has no signifimemory. To dissect a possible involvement of the NOS requiring processes in the latter mechanism, the combicant effect on conditioned PER at 24 hr, injection of 100-500 M NOS inhibitor (80%-90% NOS inhibition) nation of amnestic treatment (cooling) and NOS inhibition was applied. Both in the presence or absence of causes significant effects on conditioned PER at 24 hr ( Figure 6A ). However, there are some obvious differ-NOS inhibitors, amnestic treatment immediately after a single conditioning trial causes a significant decrease ences. Although the injection of 100 or 200 M NOArg causes ‫%08ف‬ NOS inhibition (see Figure 2A) , the effects of conditioned PER tested at 3 hr. Interestingly, the conditioned PER tested at 24 hr is not affected by amof these two concentrations on conditioned PER are significantly different (100 M, PER 0.61; 200 M, PER nestic treatment and does not differ from that measured at 3 hr ( Figure 4A ). These results point to a yet unknown 0.44). The dose-response curves of NOArg and L-NAME do not differ from each other. At all concentrations amnesia-resistant memory induced by a single conditioning trial. All amnestic effects are observed regardtested, no effects on the conditioned PER were found when the memory test was performed 3 or 8 hr after less of NOS inhibition (Figure 4 ) and vice versa. This suggests that NOS inhibition does not interfere with three conditioning trials. The phase of sensitivity for NOS inhibition was studied mechanisms of retrograde amnesia induced after single or multiple trial conditioning ( Figure 4B) .
by varying the time window of NOS inhibition during conditioning. Variation of the time course of NOS inhibi-A further experiment studied whether the memory retained in the three trial-conditioned group has similar tion relative to the three conditioning trials (three trials within 4 min) shows a similar time course for conditioned characteristics compared to the memory retained in single trial-conditioned animals in the presence or absence PER tested 24 hr after conditioning (compare Figure 6B with Figure 2B ). Injection of NOS inhibitors <5 min before of NOS inhibitors. An extinction procedure was used to test the course of the extinction effect 24 hr after or any time during or after conditioning has no effect At 30 min before conditioning, animals were injected with 1 l of PBS or with 1 l of PBS containing 200 M NOArg or L-NAME, or were left untreated as a control measure. Extension of the proboscis elicited by the CS was tested for each of three successive conditioning trials. Drug treatment has no effect on aquisition (number of animals is shown in parentheses). Untreated animals received three conditioning trials. At 30 min prior to the retrieval test, animals were injected with 1 l of PBS or 1 l of PBS containing 200 M NOArg or L-NAME, or were left untreated as a control measure. Drug treatment has no effect on retrieval (number of animals is shown in parentheses).
on conditioned PER tested 24 hr after conditioning. Only acquisition or retrieval (see Tables 3 and 4 ) of olfactory memory, are not affected. That NOS inhibition is correwhen inhibition has been fully developed during conditioning (i.e., injection of NOS inhibitors 10 min prior to lated to this specific behavioral change is indicated in the similar dose-response curves of brain NOS inhibition start of conditioning) were effects on conditioned PER tested at 24 hr revealed. The overlap of both time and the conditioned PER at 24 hr (see Figures 2A and  6A ) and in the overlap of the time course of NOS inhibicourses strongly indicates the need for NOS activity during multiple trial conditioning (4 Ϯ 2 min).
tion with the time course of conditioning (see Figures  2B and 6B ).
In the honeybee (Menzel, 1990; Hammer and Menzel, Discussion 1995) , as in other animals (Squire 1987; Allweis, 1991; DeZazzo and Tully, 1995) , a common feature of memory Since the discovery that NO functions as a neuronal messenger (Garthwaite et al., 1988) , it has been impliformation is its progression from labile short-lived forms to long-lasting stable forms of memory. Immediately cated in the modulation of synaptic processes in various systems. Here, I presented a behavioral and pharmacoafter a single conditioning trial, formation of memory is sensitive to amnestic agents as tested at 30 min after logical analysis of the role of NOS in olfactory learning in the honeybee. As revealed by the biochemical assays, conditioning (Erber, 1976; Erber et al., 1980) . The present study now gives strong evidence that a single conditionsystemically applied NOS inhibitors (see Figure 2) produce transient inhibition of brain NOS activity with a ing trial also induces an amnesia-resistant memory component that remains at a constant level for at least 24 sharp onset of inhibitory effect that reaches a maximum 10 min after injection. The concentration required for hr (see Figures 4A and 7) . Interestingly, this memory component is not affected by NOS inhibition. After three maximal inhibition ‫1ف(‬ M) is in the range of the K i revealed by measurements of purified NOS (Mü ller, conditioning trials, even given within <1 min, formation of memory is insensitive to amnestic treatments . No indication of nonneuronal NOS activity has been found in the honeybee . Effects of et al., 1974; Erber et al., 1980) . Thus, repeated conditioning trials accelerate the transfer into amnesia-resistant systemically applied NOS inhibitors on nonneuronal targets of NO, as observed in vertebrates (Rees et al., 1990;  memory. By application of NOS inhibitors, the latter can now be divided into at least two phases (see Figure 4B ): Goadsby et al., 1992) , are therefore rather unlikely in the honeybee. However, possible effects of NOS inhibitors MTM that is not affected by NOS inhibition (tested at 3 and 8 hr) and LTM that, by blocking NOS activity, is on yet unknown targets cannot be excluded.
The behavioral and pharmacological results obtained reduced to the level of the single trial-induced memory (tested at 24 hr; see Figure 3 ). Thus, it is tempting to by applying NOS inhibitors indicate a highly specific effect on a particular form of LTM. Two features characspeculate that the requirement of NOS activity depends on the sequence of consecutive conditioning trials. terize the specificity of this effect. Only memory tested 24 hr after conditioning is reduced, and only memory While the initial conditioning trial leads to an amnesiaresistant LTM, independently of NOS activity, formation after multiple conditioning trials is reduced (Figure 7) . Experimentally accessible reflex components and nonof amnesia-resistant LTM by the subsequent conditioning trials requires NOS activity (Figure 7 ). associative plasticities (see Tables 1 and 2) , as well as The specificity of NO-mediated mechanisms in memseem to establish distinct memory traces independently of each other (Menzel et al., 1974; Erber et al., 1980 ; ory formation in honeybees has remarkable parallels Hammer and Menzel, 1995) . Since both of these brain with findings in vertebrates. While NO involvement was areas exhibit high NOS activity , future reported for a single trial avoidance conditioning in investigations will have to show which site is responsible chicks (avoid a bitter bead; Hö lscher and Rose, 1992), for the NO-mediated processes required for formation inhibition of NOS reveals no effect in a different passive of LTM. avoidance learning in rats (avoid a dark chamber; Bö hme
In vertebrates, brain structures, including the hippoet al., 1993). However, in rats, a function for NO was campus, cortex, and cerebellum, are discussed as posreported for spatial learning in the radial eight arm maze sible sites for the formation and storage of memory. LTP (Bö hme et al., 1993) , while spatial learning in the water and LTD of synaptic transmission have been proven maze was not affected by NOS inhibitors (Bannerman to be potent systems for the analysis of the molecular et al., 1994a). Thus, the need for NO appears to depend mechanisms that underlie persistent enhancement or on distinct properties of the applied training task, senreduction of synaptic strength in these brain areas (Bliss sory modalities, or other yet unknown parameters. In all and Collingridge, 1993; Malenka, 1994) . Several studies cases where NOS inhibitors reduce learning in vertesupport the existence of a role for NO in LTP and LTD, brates, the results indicate that memory formation realthough, owing to contradictory experimental results, quires NOS activity during training, while NOS inhibition the implication of a role for NO in these mechanisms after training or during retention does not affect retention is not without dispute (Gribkoff and Lum-Ragan, 1992; of memory. The same holds true for the observations Linden and Connor, 1992; Chetkovich et al., 1993 ; Haley on honeybees (see Figure 6B) . Bannerman et al., 1994a Bannerman et al., , 1994b ; O'Dell et Formation of memory and thus the associated al., 1994). The disparate findings concerning the role of changes in synaptic efficacy occur in several brain struc-NO seem partly related to different experimental conditures in the honeybee (Hammer and Menzel, 1995) , as tions like age, temperature, and strength of the stimulafound for other animals. Both the antennal lobes and tion (Haley et al., 1993; Williams et al., 1993) . Moreover, the mushroom bodies (see Figure 1 ) are essential struc-NO appears to act on its target elements in a manner tures for the formation of olfactory memory, and they that depends on their activity. While NO is implicated in the potentiation of synapses at high frequency stimulation, it causes synaptic depression when presynaptic stimulation is weak (Zhuo et al., 1993) . In the honeybee, the obviously different role of NO in the formation of memory after single and multiple trial conditioning (see Figures 3 and 4) is probably also due to a change of synaptic activity induced by the initial or preceding conditioning trial.
Although the molecular targets of NO have not been analyzed completely, a major effector of NO found in vertebrates and insects is the soluble guanylate cyclase (Arnold et al., 1977; Elphick et. al., 1993) . Up until now, no experimental data on the molecular targets of NO acts with the cAMP cascade (Hildebrandt et al., 1994) . This may be of special interest, since the cAMP cascade
Behavioral Experiments
and its components and targets have been shown to
To compensate for seasonal and internal differences, the experiplay a central role in learning and memory (Davis, 1993;  ments were carried out on different days and in different treatment Frank and Greenberg, 1994; DeZazzo and Tully, 1995) .
combinations. Each combination always included at least 1 PBS-
In Drosophila, disruption of the cAMP-responsive eleinjected or 1 untreated control group. Each group contained at least 13 animals. In the end, PER was calculated by dividing the sum of ment-binding protein (CREB) gene blocks one of at least responding animals in all identically treated groups (7-20 indepentwo independent forms of LTM dent groups) by the corresponding total number of animals tested.
al. , 1994, 1995) . Thus, CREB-regulated gene expression
Number of animals is indicated next to the mean. Differences bemediated by the nuclear action of the cAMP cascade tween the untreated control, the PBS-injected, and the drug-treated seems to be a specific requirement for this form of LTM.
animals were evaluated by the 2 test.
Although there is as yet no information about the role of NO in learning and memory in Drosophila, it may be Classical Olfactory Conditioning possible that NO also has a specific function in memory in general, and the special function of NO, in particular.
Experimental Procedures Amnestic Treatment
Immediately after the conditioning procedure (<2 s), the metal tube Materials with the animal was chilled in a water/ice mixture (0ЊC), where the Honeybees (Apis mellifera) from a hive were used. NADPH and nitro bees stopped moving within 15-20 s. After 3 min on ice, the animals blue tetrazolium were from Biomol (Hamburg, Germany). Hemoglowere moved back to 20ЊC. To compensate for cooling effects, conbin and all other reagents were from Sigma (Deisenhofen, Federal trol group animals were treated with the same cooling procedure Republic of Germany). All chemicals were of analytical grade.
30 min before conditioning.
Animal Treatment and Injection Procedure
A day before the experiment, bees were immobilized by cooling and Memory Retrieval mounted in metal tubes by a strip of tape between the head and In the retrieval test, the odor stimulus (CS) was presented alone. In thorax. Bees were fed with sucrose solution (1.4 M) until satiation the case of successful conditioning, the presentation of CS alone and kept in a container at 70% relative humidity and 20ЊC-25ЊC. elicited proboscis extension. Although repetitive testing at intervals Only those animals that showed a prompt PER after sucrose stimulain the range of hours does not cause extinction (Wittstock et al., tion to the antenna were used for the experiments (>95% of the 1993), in half of the experiments, each bee was tested only once, animals). As indicated in Results, drugs were injected into the hemoat either 3, 8, or 24 hr after conditioning. In the rest of the experilymph of the thorax using a microcapillary (Mü ller and Hildebrandt, ments, each bee was tested at 3, 8, and 24 hr after conditioning. In 1995). both cases, there was no difference in retrieval. The animals were fed with a defined amount of sucrose (8 l of 1.4 M sucrose) 1 hr NOS Activity in the Brain prior to each retrieval test. At 9-10 hr after the conditioning session, NOS activity in brain homogenates was tested using the oxyhemobetween the 8 and 24 hr retrieval tests, the animals were fed with globin assay for NO (Feelisch and Noack, 1987) . Preparation of the sucrose solution (1.4 M) until satiation. brain and subsequent determination of NO release were carried out as described elsewhere in detail Mü ller and Hildebrandt, 1995) . Immediately after dissection of the brain (at 0ЊC),
NADPH Diaphorase Histochemistry
The tissue was fixed in PBS containing 4% paraformaldehyde for tissue was homogenized in 100 l of 30 mM HEPES (pH 7.7) containing 1 mM EGTA. The membrane particles in the sample were 2 hr at 4ЊC, followed by cryoprotection in PBS with 20% sucrose for 20 hr. The tissue was soaked in Tissue Tek II for 3-5 min, frozen, removed by centrifugation (3000 ϫ g, 2 min). One sample of 30 l of the supernatant was added to 70 l of freshly prepared reaction and cut in a cryostat (10 m). The sections were again fixed in PBS containing 4% paraformaldehyde for 10 min at room temperature. mixture (30 mM HEPES [pH 7.7] containing 20 M oxyhemoglobin and 200 M NOArg or L-NAME). Another sample of 30 l of the After washing with PBS containing 0.1% Triton X-100, the sections were incubated for 60 min with 50 mM Tris-HCl (pH 7.8), 0.1% Triton supernatant was added to 70 l of freshly prepared reaction mixture (30 mM HEPES [pH 7.7] containing 20 M oxyhemoglobin). Reac-X-100, 0.1 mM nitro blue tetrazolium in the presence or absence of 0.1 mM ␤-NADPH to demonstrate fixation-insensitive NADPH tions were started by addition of 0.1 mM ␤-NADPH. Conversion of oxyhemoglobin to methemoglobin was monitored continuously by diaphorase activity (Mü ller, 1994) . The sections were dehydrated and mounted in Entelan. recording the extinction difference between 401 and 411 nm using
